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By Albert 3. m r t i n a  and Ceorge E. Young 

Wind-txnnei f l u t t e r   t e s t s  at Yach numbers f ron  0.14 t o  0.24 have 
been  conducted on a swep-l-wing tmed  airplane model equipped  with &n 

to f l y   i n   t h e  wind tm-el with a l l  of the body freedoms  except  longi- 
tudinel  translation. A l l  of the m o d e l  components except  the wing were 

a i r fo i l   sec t ions  having a streamwise  thickness of 7.7 gercent. The 
wing aspect  ratio w a s  3.62 and was of spar-pod  type  construction. 
Pylor?-momted external stores housed flutter-dmping  devices. The 
onset of f lutter  did  not  apsear t o  a f fec t   the   f l igh t   behwior  of Vne 
mdel appreciably. The m o d e l  experienced wing f l u t t e r   i n  a symmetrical 
mode. Body not ions  a t t r ibutable   to   f lut ter  were small to negligible. 
The edditional freedoms allovd-ed by the to-ged m o d e l  a l te red   the   f lu t te r  
speeds by from 5 percent belov to 10 percent above the corresponding 
fixed-root  cocditions depending on the  store mass pareme-krs. For khe 
rmge investigzted kine s tore  monents of i ne r t i a  had a large  influence 
011 the  flutter  speeds, whereas char?ges i n  the store  centers of gravity 
had s m l l  or no influence. 

1 autopilot system. The Cowed-ei-qlane-modeI technique g e d t s  the node1 

d of essentially  rigid  construction. The wing w e s  of NACA &A-series 

U E t i l  receotly,  e-perirnental  xind-tumel  flutter  research  directed 
tomzd ?ne determinatior- of f lutter  clmracterist ics  with  fuselage 
mobilities  (refs. 1 t o  6) paralleled  kheoretical  assumptions i n   t h a t  
only the degrees of freedom which were believed t o  be pertinent t o  the 
m e  of f l u t t e r  being  studied xere allowed,  whether  symmetrical  or 

I- antisyzamtrical.  Kcever, after spending  considerable e f fo r t  on 
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limited freedom techniques,  the work of the Eoeing Airplane Co. ( ref .  6) 
irdlcated that a satisfactory test tec'mique  should simu1i;aneously allow 
nearly a l l  of the  degrees of freedom of the  full-scale  counterpart  in Y 

order to  sinulate  accurately  the  interaction of the various  airpiane 
componer-ts result ing from fuselage  mobilities. k technique was come- 
qiiently  developed (ref. 6)  which allowed four of the s ix  freedoms with 
e las t ic   res t ra in ts   in   the  remaining two, that is, longikdir?al  and side 
translation. 

h 

In an e f f o r t   t o  advance the progress  tovard the development of 
wind-timnel f l u t t e r  test techniq-aes w i t h  s t i l l  more body freedoms  and 
which have poss ib i l i t i es  of being  used i n  the transocic regime, the 
National Advisory  Comnittee f o r  Aeronautics has enbarked OG a progrm 
t o  develop the tawed-airplane-model test  technique i n  which a l l  of  tine 
degrees of Freedom except  longitudinal  translation  ere  provided. 

The model used i n  this development had a 40° sweptback wing of 
aspect  ratio 3.62 and m a  representative of current fighter-airpme 
design  practices. Two se t s  of wing panels were constructed; one s e t  
was made r ig id  enough to insure freedom  from flutter  within  the  sseed 
range of tkese tests and was used i n  tine s t ab i l i t y  and control  develop- 
~lzeot phase (ref. 7 ) ,  whereas the second set was  made flexible enough t o  
fliltter ir- the speed  range of these t e s t s .  A l l  of the  other comsonents 
suck: as fuselage,  control  surfaces,  control  linkages, and external-store 
pylon mounts were Fade essent ia l ly   r igid.  W model vas controlled by 
an  autopilot  systea and was protected  against  divergent  flutter motion 
(when f i t t e d  with f lexible  wings) by flutter-stopping  devices housed i n  
the external  stores. 

h 

- 
h 

After sat isfactory  s tabi l i ty  and control was developed with the 
r ig id  wings (ref. 7) ,  the flexible  xings were instal led and an  investi- 
gation  concerning the effects  of  variations  in the external-store mass 
parameters on the  f lut ter   chsracter is t ics  was undertaken.  Inadvertent 
loss of the model for  reasons  not  associated w i t h  f l u t t e r  occurred 
before  canpletion of the investigation,  but enough data had  been  obtained 
t o  permit some observations t o  be made. The present  report  presents  these 
results, as ve l1  as som resu l t s  of varying the autoDilot  response. k 
few f l u t t e r   t e s t s  of each of the  f lexible  -wing panels w i t h  the root 
r igidly mounted on a  reflection  plane had also been made so that some 
indication of the effects  of fuselage  mobility is presented. The t e s t s  
were conducted i n  .the Iangley  &foot  pressure tutmel a t  B c h  numbers 
and Reynolds numbers varying from 0.15 to 0.25 and 1.6 X 106 to 
2.8 X 106, resFectively.  Flutter  speeds  calculated by means of the 
method of reference 8 ere  also  presented. 
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'3 The model axes  system has its or igin at the m o d e l  center of gravity 
( located  in   the m o d e l  plane of  symmetry) w i t h  the X-axis p a r a l l e l   t o  
the  fuselage  center  line and the Y-axis perpendiculer t o  the m o d e l  plane 
or" symme"my. 

E1 flexural r ig id i ty  of wing section, lb-in.* 

GJ to rs iona l   r ig id i ty  of wing section,  Ib-in.2 

1 x 2  Iy, Iz moment of i ne r t i a  of' model  abou-l respective model axes, 
lb-in.2 

=Ys moment of i n e r t i a  of exterral   store  zbout an axis coincf- 
dent with tine e l a s t i c  zxis zt the point of store  attach- 
xent to the wing and p a r a l l e l  t o  the Y-=is, Ib-in.2 

za. polar moment of i ne r t i a  of wing per unit length  about  spar 
axis, Ib-in.Z/in. 

.I J% elevstor-position  control-gearing  ratio,  6e/8' 

"b pitch-daqer  gearing  ratio,  6 , / b  

K? roll-zutopilot  gearing ra t io ,  "/cp 
"* rudder-position  cortrol-gearing ratio, Sr/Sf 

!*bch nmber 

Reynolds number 

velocity, q h  

experimental f l u t t e r  speed, mph 

weight of model, lb 

weight of one -dng  panel, lb 

weight of ex-lernal  store md pylon, lb 
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C 

E 

C '  

f f  

fn  

2 

2 '  

W 

X ~ . ~ .  

- 
X 

Y '  

wing chord p a r a l l e l   t o  airstream, in.  

wing mean aerodynamic chord, in. 

wing chord  normal to  spar  axis,   in.  

f l u t t e r  frequency, cps 

experlmental  frequency of vibration 
natural  mode, cps 

t o t a l  damping coefficient, - loge 

length of wing along  spar  axis,  in. 

length of external s tore ,  in. 

1 
nlr 
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c 

P 

of wing i n  the nth 

weight 'of iring per nit length,  lb/in. 

Amplitude a t  0 cycles 
Amplitude a t  n cycles 

location of .*ring spar axis from leading edge, positive 
rearward, in.  

location of model center of gravity measured from leading 
edge of mean aerodynamic chord, posit ive rearward,  in. 

location of external-store  center of gravity measured from 
nose  of store,   in.  

location of extemal-store  center of gravity measured f ro3  
nose of  wing section a t  spanwise location of store, 
posit ive rearward, in. 

location of center of gravity of wing section from leading 
edge of section,  positive rearward, i n .  

location of center of gravity of  wing section from leading 
edge of sect ion  in  a plane normal to   the  spar axis,  in. 

distance  along  spar axis from model center  line,  positive 
toward t ip ,  in. 

verticel location of model center of gravity from fuselage 
reference  line,  positive upwards, in. 

ver t ical   locat ion of external-store  center of gravity 
measured from spar axis parallel t o  Z-axis, Dositive 
upwards, in. 



T sa t o t e l   ( l e f t   p l a s  right) aileron  deflection  gerpelzdicular 
to Erileron hinge  l ine,   posit ive  to produce posit ive 
roll ,   radiens 

2 

E e  elevator  deflection  perpendicular  to  elevator  hinge  line, 
posi t ive  t ra i l ing edge d m ,  radians 

6r  rudder  deflection  perpendicular  to  rudder  hinge  line, 
posi t lve  t ra i l ing edge left, radians 

6 '  angle  beh-een a plane p a r a l l e l   t o  XY-pane and a plane 
normal to XZ-phne and containing tine  tow rod, radims 

6 pitching  angular  velocity,  radians/sec 

P density of air, slugs/f3 

Cp angle of roll, radhns 

a-g le  between XZ-plane and a plane  normal t o  XY-plane 
and containing the tow rod, radians 

7 if yaving mgular velocity,  radians/sec 

, u1 angular  frequency of vibration,  redians/sec 

reduced  frequency  parameter, re fe r red   to  wing r ~ a n  
aerodynamic chord 

The node1 used i n  th i s  investigation %as regresentative of current 
fighter-airplane  design  practices botIC i n  regard t o  geometric configid- 
ra t ion and t o  dynamlc characterist ics.  All the model components except 
the wings were essent ia l ly   r igid.  Photographs of the m o d e l  res t ing on 
the landing mat are shown i n  figure 1. Pertinent d e 1  dinensions are 
given or? the %bee-view drawing which is presented i n  figure 2, snd the 
model mss characterist ics are given i n  table I. The various m o d e l  
configurations are designated by a system of nuaibers which describe the 
principal s tore  mss parameters and w i l l  be used  throughout this report. 
For example, the conTiguration "56-25-3.18" has the folloving  connotation: 

56 w e i g h t  of externel  store in  percent  of  wing-panel w e i g h t  

25 .. store  center of gravity from leading edge of  wing chord a t  
spanwise  location of exterml s tore   in   percent  chord 
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3.18 polar moment of iner t ia   in   p i tch  of external  store  about 
axis of wing spar a t  spanwise location of external 
store i n  percent of the  airplane-model  pitching  inertia 
without  stores 

r 

P 

Pareover, in  the case of the towed nodel,  the  averages of t h e   l e f t  and 
right external  stores are ased t o  describe  the  configuration. As shown 
in  f igure 3, the model was constructed  in  five major components - the 
l e f t  and right wing panels and three  fuselage  sections. 

Fuselage and Tail 

93"e central   or main-fuselage  section t o  vhich a l l  of the  other 
components  were attached was a welded semimonocoque structure of high 
rigidity  fabricated of 1/8-inch-thicB magnesium pla.i;e. This section 
housed the  roll-control gyro and contained mounting  pads f o r  the wing 
panels and for  the  wiring  terminalblocks. The fuselage  contours  over 
this  section as well as the fuselage nose and rear  sections were formed 
of  molded sections  having  surfaces of fiber-glass  lauinations impregnated 
with a thermosetting  plastic and bonded t o  a foamed plastic  core  approxi- 
mately 1/4 inch  thick. The dorsal and ve r t i ca l   f i n s  were b u i l t  in tegral  
with the  rear  fuselage  section. The tow-rod pivot  support was mounted .c 
j u s t  inside  the nose and was located on the  fuselage  center  line  as 
shown in  f igure 2. The horizontal   stabil izer  vas  bolted  to  integral  Y 

metal  pads in   t he   ve r t i ca l   f i n  and was of laminated  piastic  construc- 
-Lion. "he elevators and rudder were of the unbalanced plain-f  lap  type 
and vere  also of laminated plastic  construction. A l l  the movable 
control-sxrface  hinges were equipped with small ball bearings. 

The model landing  gear was of welded tubular-steel  construction 
incorporating  coil-spring shock absorbers. 

The wing was swept  back 40° a t  the  quarter-chord  line, had an 
aspect  ratio of 3.62, a taFer   ra t io  of 0.561, ar?d  embodied 3.50 negative 
dihedral. The airfoils were nominally NACA @+A010 sections n o m 1  t o  
the  quarter chord. Each  wing panel  consisted of a dirraliunin spar   to  
which  were attached 12 balsa segments or "pods" which formed the  ving 
surfaces as shown i n   f i g t e  &(a). The wing spar  axis wit33 37.25O sweep- 
back was straight and was  located a t  41-percent  wing-fuselage-juncture 
chord and a t  38 percent of t he   t i p  chord. The pods were bolted  to  the 
drag  flanges of the  spar w i t h  th in  washer separators between the flanges 
and the pods as shown in  f igure 4(b) . These washers  mhimized  the 
res t ra in t  of the pods so that   the   spar   r igidi t ies  were unaltered by the i r  
attachment. The str-dctural  properties of the assembled wing panels  are ,. - 
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.I given in  figure 5. The bending  and tors ioEal   r igidi t ies  vere experi- 

i the  resgective  deflection curves obtained from the  application of In?o%rn 
rcenixilly determined by measuring the  slope and h i s t  distributions of 

nonen-bs to the wing, whereas the drag stiffr-ess was ca lcdz ted  by using 
beam theory. All the gods vere  ballasted  with  brass  slugs  resulting  in 
the spm-wise variations of mass properties as given i n  figure 6. The 
data points are plotted a t  the ssanwise  locations of  tine  pod centers of 
gravibJ. !&e section mments of inertia  vere  obtained by experimentally 
determining the moment of i ne r t i a  of each of t h e   p d s ,  adding in   the 
calculated  spar  contributions, and dividing by the pod widths. The 
measured cantilever  vibration  frequencies znd  predominant nodes of the 
wing Dzr?els  mounted with  root  fixed and without  external  stores ere 
given in   the  I”ollmqinti; “table: 

fl ’3 fe 
Panel second f irst  f i r s t  

bending bending torsion 

Left 29.0 24.0 6.73 
R i g h t  28.9 I ! 2b. 2 6.65 

1 

The gays  between pods vere  sealed with thin rubber s t r i p s  as shown i n  
figme k(a).  Full chord wraparound fences were located a t  0.633 semi- 
span  and were divided  into segments  and sealed w5th t h h  rubber $There 
the  fences  crossed  fron one pod t o  an adjacent pod as shoTm- i n  fig- 
ure &(a). Rounded t i p s  of light construction were added f o r  the tuwed- 
model t e s t s .  The ailerons were of the unbalanced plein-flap t n e  end 
were m z d e  of solid  balsa  with  l/&-inch-diameter  steel drtll rod spars 
a t  the  hinge axes. Tie aileron  hinges were equipped with mall self- 
alining ba l l  beariogs md  vere supported by meens of brackets as shown 
i n  figure &(a). Details of the mounting of  the cuter aileron hinge 
bracket are shown i n  figure 4(c), and it is pointed  out that suff ic ient  
clearance  vas  provided  around this bracket so that Cne only  point of 
at,%zcbxcent was et the spr .  

Autogilot 

Control of the m o d e 1  -vas effected by mens of an aEtopilot  system 
since it was f e l t   t h a t  limited meneuverfng dis-knces  coupled  with  the 
anticipated model frequencies would render manual ogeration of the 
controls  very  erratic. The general  zrrangenent is shown ir- figure 7 
and a detailed description is given i n  refereoce 7. 

The node1 ailerons vere made t o  def lect   in   proport ion  to   the bards 
angle of the model by a d i rec t  coupled electrically  driven  displacement 
gyro operating a t  about 11,OOO rpn! e& housed i n  the fuselage  center 
sectioa. The gearing  rst io between the  displacem?nt  gyro and the 
ailerons  could be adjusted  before a t e s t .  A renote  electricel   control 
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was used t o  t r i m  the  ailerons t o  correct  for d r i f t  of the gyro while i n  5 
flight. The elevators and the  lover half of the  rudder were linked t o  
the  tox  line br. such a ,na.!.xner that the  control  deflections were propor- 
t i o n a l   t o  -the angular movements of the tow l ine &bout the tow-rod pivot 
point and i n  such a direct ion  as   to  cause the nodel t o   a l i ne  itself w i t 1  
the tow line.  The tow' l ine  was attached  to  the m o d e l  through a tow rod 
a t  the pivot  point sho-m i n  f i g r e  2. The  tow rod was a 3/8-inch 
aluminm  rod  about 38 inches lm-g pirxed t o  a zniversal-joint  arrange- 
pent which allowed the rod t o  have any coxbinztion of yaw and pitch 
angles w i t h  respect  to the zodel. The function of the tow rod was t o  
provide moments sufficiently  large  to overcom the hinge moments ar is ing 
from the aerodynamic forces on the  con-f;rol  surfaces and from control 
linkage  friction. The gearing  ratios between the tow l ine  and the 
various  control  surfaces  could  be  adjusted  before a t es t .  A remotely 
operated t r i m  control w a s  srovided  for  the  elevators s o  that the model 
vertical   posit ion  in  the  tunnel coxld be controlled  in flight. A11 the 
control  lidbges,  pivot  supports, and the l ike were ball-bearing equipped 
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The upper half of the rudder was used as a yav damper i n  order t o  
reduce a Dutch r o l l   o s c i l l a t i o n   t o  a tolerable  level. This portion of 
the  rudder v a s  linked t o  a servomotor which vas  energized i n  proportion 
to   the  yaving  ar.gular  velocity as measured by a small air-driven rate 
gyro, w i t h  the rate-gain  factor  being  controllable  in flight. 

A 

For those tests i n  which a pitch damper was used, 
divided  into two parts w i t h  the outer  halves  used w i t h  
damper w a s  actuated i n  a manner sintLlar to that of the 
that L&e pitch-damper gyro w a s  or iented  to  measure the 
velocity. 

each  elevator was .l 

the darner. The 
yaw damper except 
pitching  angular 

External  Stores 

The external  stores were pylon-mounted a t  71.3-percent semispan as 
shown in  f igure 2. The stores were constructed in  three  sections as 
shown i n  figure 3: a duralumin center  section m d  a plastic-ixpregnated 
laminated  fiber-glass  forebody and afterbody. The external-store 
ordinates are given in   t ab le  11. The store  mss paraTeters were mried 
by changing the  positions of lead  or brass weights i n  the forebody and 
afterbody.  Table I11 gives the v a h e s  of the variwds external-store 
mass parameters which vere  tested. Tne center  sections of the stores were 
nounted to   the  wing  by mans of duralumin  pylons  kaving  rectangular 
sections as shown in  f igure 8 and were enclosed in  a wood-plastic- 
inpregnated  fiber-glass pylon fairing. A s  seen in  the  figure,  the 
pylons were nounted onto the drag flanges of the spars w i t h  thin  -asher 
separators between the mo-mting pads and the spar fhnges ,  a mountlng 
jrhich did not   qpreciably  a l ter   the   spar   r igidi t ies .  k s s  of khe m o d e l  
prevented  the  experimntal  determinatio?? of the  frequencies of vibration 



t of the pylon-slore  combinations as no-&ntcd on the wing f o r  the varioizs 
configurations  testcd. The calculrtted  pylon-store  frequencies, hoiiever, 
are  presented  in table IV for  the  various  corfigurations. IE these 
calculations the pylon mount a t  the spar was assumed b u i l t   i n  and it is 
seen t n a t  the logest frequencies are w e l l  outside 05 the f lu t t e r -  
frequency  ranges. The frequencies end modes of natizral  vibration for 
the 5ing panels i n  Combination with  the  various  externzl-store  configu- 
rations  are  given  in tables V and V I .  

Flutter  Stoppers 

Sm&11 air-driven  gyroscopes  having  their  axes of sp in   pa ra l l e l   t o  
%&e direction of air flow were mounted to  the  store  center  sections and 
served as flutter  stoppers.  The epplication of gyroscopes in  these 
t e s t s  was a modification of the  principle  demonstrated in   the  Survey 
Comse in  Aeroelasticity conducted a t  the Massachusetts Extitcte of 
Technology i n  Jaly 1952 i n  ifhich  gyroscope dempers were used t o  ra i se  
the f lutter speeds of a wind-t-me1 m o d e l .  As seen i n  the schematic 
representation of T i g u r e  9, the gyroscope @ was mounted ir- the  inner 
gimbal @ which w&s restrained  about  the  precession  axis B-B by the 

was cormally free t o   r o t a t e  about the axis C-C i n  the frame @ attached 
t o  the external store. The axis C-C was parallel t o   t h e  Y or pitch 
axis. Wnen  Yne stopper was called upon t o  stop  f lutter,   the  locking 
pir-ion @ w a s  caused to  contact the sector  gear 0 and thus res t ra in  
the  outer  gimbal from rotat ion  vi th   respect  -Lo the frame. The gyro w&s 
thus  coilpled t o  the ving end subjected  to  the  angular  velocity produced 
by the  king  torsional motion  during f l u t t e r .  The gyroscose Ynen would 
precess  about the axis B-3 opgosed by the  action of the viscous m e r .  
This, in   e f fec t ,  added t o  the %ring tors iopal  denping which raised the 
Tlutter speeds i n  these t e s t s .  The flaid used -xas a sil icone compound 
hev5ng a viscosity of 1 x 106 centistokes and uiich  varied  but l i te le  
over a wide temperatwe  rmge. -4s would be expected, it w a s  found tha t  
the gap  between the  dmger  discs wes very c r i t i c a l   i n  ob-aining t i e  max- 
inun d h z i n g  of’ the tors ional  mode;  e gap of 0.020-inch width w a s  used 
for these tests. The torsional danqir?g coefficients measured a t  zero air- 
sFeed v i th  the dampers energized were 0.14, or  aboilt s i x  times greater 
.than the wing  damping coefficients. 

c denper 0 . The imer gimbal m s  mounted t o  the outer  ginbal 0 which 

me cross  seckion thr0-m .the s tore  sham i n  figure 8 illustrates 
the actuel  setup of the gyroscope and lockicg  pinion. The locking 
pinion was actuated by an air bellows supplied  with  high-pressure air 
th-cough an electrically  operated  solenoid air valve. 
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Towed  Mode 1 
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The bending and torsional strains 02 the spars were meesured by 
using  elsctrical  resistance-ty-pe  strain geges attached a t  the  stations 
show- i n   f i g w e  k(  a) . m e  movenents of -3-e mter ginbals on the f l u t t e r  
stogpers ( @  of f ig .  9) were Eeaswed by mabs of d i f fe ren t ie l  t r ans -  
fo r r i r s ,  I;l?e cores of which were l inked  to the outer  gimbals. Three 
accelerometers were used t o  record  the  nodei motions in   pi tch,   rol l ,  
and ver t ical   t ranslat ion w i t h  one acceleraneter Located a t  Kne center 
of grsvity and the  other two located  laterally and fonrmd of the  center 
of gravity. The node1 control-surface  positions were recorded by  means 
of differential-tyye  transformers  iinked  to  each  control  surfece. The 
electrical   lezds from a l l  of these  tmits 8s  well as the power leads f o r  
the  roll-control ~ y r o ,  various  servonotors, and m air-supply  line were 
carried  out  through  the  nose of the node1  and  along the taw cable to   the  
support yoke (section B-B, f ig .  lo), thence  along the  left-yoke  support 
cable  througk  the  tunnel w a l l  t o  the recording  station. A l l  the data 
were recorded on an  18-channel  recording  oscillogrash. 

Eke outputs of tine l e f t  aEd rigkt se t s  of outboard s t r a in  gages 
were also  anrplified and fed into a two-bean oscilloscope  in  order  to 
present  an  additions1  picture of the  onset of f l u t t e r .  Lq Ynis arrange- 
xent,  the bending  outputs were fed in to  the vertical  axes and the 
torsiofla1 outpxbs were fed  into  the lateral exes and the i r  magnitudes 
so axplifled that a t   f l u t t e r  the dots on the oscilloscope  screens  traced 
e l l i p t i c  Lissajous patterns. lk order t o   p o v i d e  a means of checking 
the ogeration of the flutter  stoppers  during flight, the  outputs of the 
orber  ginbal-position trmsformers %-ere also fed into two additional 
oscilloscopes  hdicating the  mwenent of the gimbals directly.  

An automatic  tripping  device was incorporated in   the  bending-gage 
circuits  to  actuate  the  recorder  in  case eiw-er of the two observers 
had f a i l e d   t o  take records.  Tunnel  sgeeds a t  f l u t t e r  were recorded by 
the tunnel operator who received a l ight  signal  indicating when a 
flutter  record vas being  taken. 

Motion-picture cameras located above, abreast, and downstream of 
the model were used t o  record the motions of the model during  f lut ter  
and  vhenever the  si tuation demanded. 

The model tow cable  consisted of a l / l 6 - i ~ c h   a i r c r a f t  c&ble 
attached t o  the upstream t m e l  guide  vanes anct vas  rigidly  sxFported 
by "&e yoke (section E-B, f i g .  10) . The landing mat was supported 
along i t s  center  line on a cha?ae1 and was constructed of 3 /b inch  
plywood covered with zpproximtely 1 inch of ?lard sponge nbber .  The 

1 
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m a = l l y  oFerated  snubbing  wire  vas  used to  secure  the m o d e l  firmly t o  
the  lending mat during  take-offs and landings,  but was l e f t  completely 
slack  during  f l ight.  

e 

Fixed-Root-Test  Setup 

For the  f ixed-root  tests of each wing panel a re f lec t ion   phne  
momted on the  tunnel  floor w a s  used as  shown i n  figures 11 and 12. 
The bending and torsion  strains,  the  nodel-flutter-stosper  position, 
and the  tunnel-flutter-stopper  position were recorded in  these tests. 

The ref lect ion  plvle  xes construcked of 3/4-inch plywood attached 
to  the  tunnel walls at the edges  and t o  t-go s t e e l  channels  running 
near ly   the  ful l   length on either  side of the  tunnel  center  line. The 
wing p m e l  was atA&ched t o  a heevy s t e e l   t u r d x b l e  mounted atop  the 
support ffiounk. The mount was febricated from heavy s t e e l   p l a t e  and 
was attzched -Lo the   ra ther   mssive  tunel   balance franc. 

Inasnuch as  the  tunnel  airspeed  could  not be  reduced  very  quickly, 
a re t rzctable   tmrlel   f lut ter   s topper  which when ejected provLded a 
locelized  region of  reduced  velocity  around  the  modelwzs  used in   the  
fixed-root  tests. D-e opereting time  of this  stopper w a s  &bout 
0.7 second. The stopper shown in   f igure  Z ( b )  consisted of a d w a l d n  
f r m e  t o  which a reinforced 16-msh screen was atteched. Xeasurements 
showed thzt this  screen  reduced  the  velocity  ebout 25 percent  in  the 
region  occupied by the model. 

!TEST P R O C E D W  

The t e s t s  were conducted i n   t h e  Langley 19-foot  pressure  tunnel 
a t  atmospheric  pressure. !!!he resul t ing Mach number and Reynolds amber 
varietions wLth airspeed are presel ted  in   f igure 13 for  the  range 
covered in  these tests. 

Toxed-Mdel Tests 

Before actually  beginning a tared-model t e s t  it m s  necessary t o  
start  the  roll-displecea-Ent gyro since  several  minutes  vere  required 
for  the  displacement gyro t o  attab- i ts  operating  speed of IL,OOO rpm. 
Tce flutter-stopper  gyros end the yax-damper gyro were also skarted and 
allowed t o  attain  operating sgeeds of 60,000 r p  end 70,OOO rpm,  respec- 
t ively.  System checks  and  check calibrations were also made before 
each test. 



IE obtaining a typical towed-mcdel f l u t t e r  tes t  goin-i; the t.zne1 
airspeed  vas  brought up t o  tk?e take-off  speed which for  expediency was 
s e t  a t  betveen 100 ar?d 105 mph In  these tests. A t  the  take-off sFeed 
the  smbbing Tire : z s  made sLack while the fligkt director  (see  fig. 10) t 
sim-dtaneously retrimed the elevators  unti l  t h e  xodel rose t o  the 
desired position. As  the m d e 1  rose,  the  ailerons were retrimmed t o  
correct for the d r i f t  of the  roll-displzcement  gyro by an  operator who 
viewed the xcdel thxough a canopy a t  t'r-e center  l ine of the tunnel f loor .  
(See f ig .  10. ) After  steady flight conditions were established  the 
twmel  airspeed  vas  usually  increased i n  5- or lO-nsh steps depending on 
the  proximity to fh t te r .  During  speed  changes, particsrlarly  rapid 
speed  changes, it was oftentimes  necessary  to halt  the  speed  increases 
because of large m o d e l  osc i lk t ions   a r i s ing  fron air-flaw disturbances 
and %o allcw the   osci l la t ions  to  damp until   steady f li@;i.,t vas again 
este-blished. About 10 t o  20 w h  below the  ant ic ipated  f lut ter  speeds, 
the  nodel  flutter  stoppers were actuated t o  ensure  the  proper  functioning 
of all conrponents. Rm-don tmnnel disturbances of an  intensity  sufficient 
to  excite  ei ther  or  both wing panels  occurred  frequently enough t o  give 
a t  lees t  2. 2- tc 3-mp:C- warning  of the onset of f l u t t e r .  As the wing 
danpicg qqezred -Lo decrease,  the  tunnel-speed  increases were then made 
i n  l-nph s t e p  or less unt i l   f l i z t te r  vas obtained. The fl.?-i;ter observer, 
an  observer at; the  central  recording  station, or t h e  aukomtic  tripper 
tinen turned on the  recording equipment which wes allowed t o  record  for A 

several seconds  before the model f h t t e r  stoppers were energized. Tne 
t ime1 airspeed ves then lo%:ered and when sufficiently low the flight 
director would tr in the eleva+,ors t o  allcw the model t o  settle to the 
landing a t  while the snabbing wire was made taut  to  terminate  the tes t. 
In order t o  keep constant  checks on the s t ructural   in tegri ty  of the wing 
panels, the wing vibretion  frequencies were measured before a d  after 
each test  by vibrating  the m o d e l  on i ts  landing  gear  or on a fuselage- 
support  dolly  resting on  The landing mat. 

I 

A t  one time during the test program when the f lexible  w i n g s  vere 
removed fo r  repairs t o  the s t r a in  gages, the opportunity w a s  taken t o  
check fo r  any redxction in  the panel stiffness  distributions to see i f  
there had been  any damage. 

FFxed-Root Tests 

The fixed-root  f lutter tests vere  perforEd  in a manner which was 
generally similar t o  t??e towed-model tests except Ylat  the  f lutker 
observer ms located st the top of the tamel (see f ig .  11) and controlled 
bot3 the tunnel and model flutter  stoppers.  The ailerocs were secured 
in   their   neutral   posi t ion with cellulose  tape  for these tests. 

PTo corrections t o  the fixed-root  f lutter speeds were made for  the 
boundsry lgyer on  t;%e reflection  plene inesroilch as xees-uements made i n  

. 
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.c the  region  occJpied by the wing panels  indicated that %he t h i c h e s s  oT 

i It is believed that the  dropoff in   veloci ty   in  the localized  root  region 

the bomdary layer vas only 6 percent of the  sedspen and thz t  the 
averege  airspeed ;#as ebout 99 percent of the  average  tunnel  airspeed. 

would have little effec-l on the wing f l u t t e r  speeds. 

Toxed  Model Tests 

Flutter  characterist ics.-  The f lu t te r   charac te r i s t ics  of the towed 
model are given i n  table V and in   f igure lk. Portions of oscillograms 
made dilrir?_g a t y p i c a l   f l u t t e r   t e s t   a r e  shown in   f igure  15 for   veloci t ies  
of 95.5, 97.8, md 100 percent of the f lut ter   veloci ty .  -4s seen i n  
figure lk, the   f lu t te r  speeds f o r  the towed model were  lowered as the 
s tore   iner t ias  were increased. W i t h  a s tore  w e i g h t  of' 56 percent of 
the wing xeight, a l inear  variation of f l u t t e r  speed w i t h  increasing 
s tore   iner t ia  r a t i o  was obtained  for  the  store  centers of gravity a t  
25 percent v5ng chord. Moving the store  centers of gravity  rearward 
from 25 t o  32 percent chord had little ef fec t  on the f l u t t e r  speeds a t  
the higher store  inertias  but  effected  progressively  lerger  reductions 
as the  s tore   iner t ias  were decreased. The changes due t o  moving the 

reference 9. The dotted portion of the curve  represents an extrapola- 
t ion  mde on the basis of the n v t i m u m  speed of 175.3 mph experienced 
for  the 56-25-1.91 configuretion. The m o d e l  -was subsequently  destroyed 
a t  t h i s  speed as a r e s u l t  of a power fa i lure  t o  the eutopilot. The 
oscillogreph had been recording  for  over 2 seconds pr ior  t o  the  crash 
and these  records  indicated that the nodel was experiencing  incipient 
f lutter.   kaszuch  as  the  frequencies  f2 were nearly  proportional t o  
tine s tore   iner t ias  Iys, the   f lu t te r  speeds  decreased  nearly  in  prosor- 

t i on  t o  the increase ir- the frequency r a t io s   f l / f2  as seen in   t ab le  V. 

. 
- store  centers of gravity  disghyed  the same trends as reported  in 

The f l u t t e r  modes qqeared  to be of the syrmnetric bending-torsion 
type, w i t h  the torsion conrponent very  prominent i n   a l l  czses. The 
f l u t t e r  motions  appeared to  be of a mild, very slowly diverging  nature; 
however, the motions  tended t o  beccnne somewhat more e a l o s i v e  a t  the 
higher  airspeeds. The f l u t t e r  motions were allowed t o  reach amplitudes 
a t  the  t ips which varied from apgroximately I/& t o  3/4 inch i n  bending 
end two to three  degrees in   tors ion.  These amplitudes were based on 
the resu l t s  of s ta t ic   s t ra in   ca l ibra t ions .  

The on-set  of f l u t t e r  did not  eppear t o  affect   the  flight behavior 
of the model epgreciably a t  any speed. The short-period  lateral  and 
longitudiaal  oscillations k-ere between 1 and 2 cycles  per second  varying 

t ions were from 5O t o  6O a t  the lower speeds  and 7 O  to 8O at the  higher 
speeds and appeared t o  be  unaffected by the onset of f l u t t e r  although 

. slightly w i t h  airspeed.  me  average  mplitudes of the ro l l ing  o s c i l h -  

b 



increased  autopilot  activity was noted e.t f l u t t e r .  It w a s  observed on 
several occas-ions that, when the f l u t t e r  dampers were actuated a t  
Tlutker, the roll ing  oscil lations were morentarily  reduced t o  about 
half the normal values  but tht the  oscillations  quickly  increesed  in 
amplitude t o  the i r  normal valaes. 

The mociel f l e w  smoot:lLy up t o  160 mph ar-d i n   t n i s  speed  range slight 
pitching ar-d very mall vert ical   t ranslat ion were occasionally  observed 
a t  flutter for  some of the configurations.  Slkvator motions as  large 
es ?lo accompanied the body notions. The extent to which the tow-line 
inertia  influenced  these motions is  currently unhown; although i n  view 
of the,observed  reflection of tow-line  disturbances from the tow-line 
support point, it is  SusFected that conditions  codd  exist  in which tk?e 
tow l ine  voLd have a large  influence on the notiom. 

Above e. % m e 1  airspeed of 160 mph the nodel  behavior  vas  very 
ffckr-oppy" and .,res characterized by &rge displacenents. Wing respocse 
becam  roticeable as early as 170 mph for  the 33-24.-1.14 con2igcrra.tion 
w i t h  frequent bursts of f l u t t e r   s e t t i ng   i n  a t  180 mph. It is not  certain 
vhether a noticeable char-ge i n  the tunnel air flow occurred i n   t h i s  speed 
rmge  since  neLther  tunnel  frequency  nor  ainplitude  spectra  are aveilable. 
A t  f h t t e r ,  the  pitching motions a t  these  higher  speeds as indicated by 
tke  acceleroreter  records were barely  perceptible, whereas the  elevator 
notions were negligible. 

Considerat5ons on the effects  of the autopilot.- Some concern was 
f e l t  es t o  the  possible aerodynamic effects  of the  operating  ailerons 
OR the f h t t e r   c h a r a c t e r i s t i c s  of the  flexible  wings-since all of the 
f l u t t e r  tests on the tawed model were necessarily mde w i t h  the auto- 
p i l o t  system  operative,  and  increased ro l l   au top i lo t   ac t iv i ty  vas  noted 
a t  f l u t t e r .  Consequently, the f lu t te r   charac te r i s t ics  of the towed 
model vith  f lexcble wings were determined for  a range of roll-gearing 
ra t ios  a t  30th extremes of the speed range, that is, 110 and 185 xph. 
(See table V. ) The ranges of gearing  ratios which could be safely flown 
as well as the test  resul ts  are sLimmarized below: 

I 1 

56-23-3.15 

3.0: 1 I 111.2 56-25-3.18~ 
110.5 2.6: 1 56-25-3.183 
109.5 2.0:1 

4 

b 

". 
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2. It is seen that   the  ?.n&ximum variations  in the f l u t t e r  speeds  occurred 
a t  the  higher  speeds md were less than 3 percent. Thus, it is  con- 
cluded  that,  for Yne range of roll-gearing  ratios  that  could be tested, 
the  effects of the changes i n  tine ro l l   au togi lo t   sens i t iv i ty  O L ~  the 
f lu t te r   charac te r i s t ics  were zrdnor since  tiie n&un v m i a t f o n   i n  
f l u t t e r  speefis was believed t o  approach the  regeata’oility of a given 
tes t   point .  The repeatabil i ty  fro= two t r i a l s  mcie in   separa te   t es t s  
(taSle V, configurations 33-24-l.lkC  and 33-24-l.14D) was bel ieved  to  
be about  2  percent. ‘Eke chaEge i n  K$ between these  cases was believed 
t o  be uniqor tan t .  It is  of in te res t   to   no te   in   t ab le  V that f o r  the 
56-23-3.18 configuration  the changes in  the  pitch  autopilot  parameters 
hed negligible  effect  on t h e   f l u t t e r   c h r a c t e r i s t i c s  (comparing 
56-25-3.18~ - d t h  56-25-3.18B) . The small change i n  K$ betweell these 
two t e s t s  was bel ieved  to  be insignificant.  It had  been previously 
determined  during tests with  the  rigid wings tha t  the towed-model rlight 
behavior was relatively  insensit ive t o  changes in  the  pitch-displacement 
control-gearing rztios. 

.I 

Thus, for  the  range of autopilot  gearing ratios which could be 
flo-vn safely, it fs bel ieved  that   the   effects  on f l u t t e r  of varying 
the  autopilot   restraints were secocd  order as regards  the  trenas and 

these  Eager   resul ts  tht the  effects of the  controls will always be 
smll. Each case w i l l  probably  hwe t o  be investigated  separately. 

. characteristfcs  presented. Eowever, it should not  be  construed from 

Fixed-Root Tests 

Preliminary t o  the 5zs-i;~ of the towed  model a few fixed-root  tests 
were made t o  deternine  the  flutter  speeds of each wing ganel and t o  
check the performance of %he f l u t t e r  demsers. These xere  the  only  fixed- 
root resul ts  which were made because  the  subsequent  destruction of the 
toved model prevented  the  completion of those  fixed-root tests which 
were t o  have followed  the towed-model tests. 

The pertinent  results of the  fixed-root  tests  are  presented  in 
table VI. The i n i t i a l  tests for  the 56-25-3.18 configuration  indicated 
that   the  lef t  panel  fluttered  about 5 mph before tlrle right wing. Near 
iden t i ca l   f l u t t e r  speeds were obtained by adjust ing  the  lef t   s tore  
ine r t i a  domxmrd. The f l u t t e r  motions i n  the fixed-root tests were 
al lared t o  reach  bending  mplitudes a t  the  t ips  of’ from 1/2 t o  1 inch 
and torsional  amplitudes of about 3 O  t o  bo. 

Comparison Betweec the Towed-lode1 and  Fixed-Root Tests 

The fixed-root  results  are  cowered  with  those of the towed model 
I i n  figure 14. It can be seen -Lh& the  additional body freecorns  grovided - 
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by the toved model altered the flutter  sseeds fron: 5 percent below to 
10 percent above the  corresponding  fixed-root  conditions,  depending on 
the  store mass pm-ameters. The towed-mdel f h t t e r   f r e q x n c i e s  OR the 
other hand vere a l l  from 5 t o  8 percent  higher  t9an  the  corresponding 
fixed-root  flutter  frequencies. 

It is of interest t o  note that, i n  several  instances,  both  during 
the fixed-root t e s t s  m-d during flight tests when the tunel airspeed 
lrias aa-lntsined after energizing the flatter  dmpers,   the  original 
bending-torsion f l u t t e r  vas b i p e d  for  several  seconds,  but tlat f l u t t e r  
again  set   in  a t  somewhat  io:qer frequencies. Tae frequencies were nemer 
to   the  bending freqmncies,  about 1 cycle  per  second less tizan the 
o r i g i r s l   f h t t e r  frequencies,  md  there  appeared t o  be very little 
torsion  coAponent  in the notions. The berding  amplitudes  vere  consid- 
erzbly less thaE the bending components &Xing xtdamped f lu t t e r .  No 
obvioas  explanation i s  apperent  other  tngn  the  possibility of a change 
ir? the characterist ics of the damping f l u i d  caused by prolonged motion 
of the f h t t e r  dampers. 

Co-xparison  Eetweer? the Calculated and 3xperimental 

Flatter  Characteristics 

l%e calculated  f lutter  characterist ics for the towed  model 
( f ig .  16) agreed  reasonably w e l l  w i t h  experiment  except for  those  cases 
i n  Thick the store  loadings were 36 percent of -the wing w e i g h t  and had 
the  centers of gravity a t  25 percent chord. The calculated  trends  for 
t'nese 56-25-x~~ cases were opposite  those found experimentally. The 
calculations, based on the method described i n  cppendix A, were made 
by using two e la s t i c  modes: f irst  uncoupled  bellding and torsion, and 
rigid-body ver t ical   t ranslat ion and pitch. The store  pylons were 
assumed t o  be r ig id  and the s tore  aerodyxavAcs 'nrere neglected. The 
svept-wing  aer3aynamics of reference 8 w i t h  the  lengthvise flow terrs 
neglected were used in  the  calculations. No aspect-ratio or compressi- 
bil i ty  corrections  :ere used. 

The celculated  fl,Jtter  chmacteristics  for  the wing panels w i t h  
root fixed (fig.  17) agreed  reasonably well -with e x p e r b n t  except fo r  
t he   f l u t t e r  speed a t  the highest ine r t i a  forward  cecter-of-grevity 
loading. The same asslmptions -$ere mede as i n  the towed-model calcu- 
lations  except, of course, f o r  the neglect of the body translation ar-d 
pitch freedoms. 

The disagreement betveer the calculations ar?d e-erineni; for  those 
cases having high mass coupling  (forward-store  center of grevity end 
high-store  inertia)  follows  the  trend  fcund w i t h  unswept xings i n  
references 10 and 11, vi th   tke disegreement  progressively becoming 

. 
P 



U 3-7 

I greeter with increased mass coupling. It, is believed that the  inclusion 
of more e l a s t i c  wing nodes would probably improve the  agreenent between 
the  calculated and experimental  characteristics  for the highly mass- 

8 cougled  cases. 

The calculated  increEntal   effects  on the f l u t t e r  speeds of the 
additional freedoms  allowed  by the towed node1  agreed fairly well with 
the  experimental  eZfects w i t &  the exception of the 56-25-3.18 case as 
shown i n  the follm-ing table: 

I Configuration 1 Vftowed model/vff  ixed  root 1 
I 

- I Calculated I Eqerimental  I 
56-25-3.18 

1.06 1. og 56-33-2.03 
0.91 t o  0.92 = 4  

33-24-1.14 1.04 1-04 t o  1-06 

Initial lug-speed t e s t s  made i n  conjunctiofi w i t h  the development 
of x i n d - t u m e l   f l u t t e r   t e s t  technique which p e d t s  a l l  of the body 
freedom  except  longitudinal  translation and which u t i l i zed  an auto- 
pilot-controlled -Lowed eirpla_n-e model of high r ig id i ty  equipped with 
f lexible  wings and heving  exAternal stores  indicated  the  folloving 
resul ts  : 

1. The wing f l u t t e r  experienced 112 these t e s t s  was of t i e  syr.metric 
bending-torsion type. Body motions in   ve r t i ca l   t r ans l r t i on  end in   p i tch  
at t r ibutable  t o  f l u t t e r  were snell at  the lower SFeedS and dhinished 
aLnost ent i re ly  E t  the  higher  speeds. 

2. The additional freedoms e l lmed  by the towed  model altered  the 
f l u t t e r  speeds f r o m  5 percent below to 10 percent above the fixed-root 
conditions  desending on the  store mass pamrceters. The f l u t t e r  fre- 
quencies were fro= 5 t o  8 percent higher than the corresponding  rixed- 
root  frequencies. 

3 .  Witllin the renge of this investigation the Slut ter  speeds were 
not  greatly inflrzenced by variations  in  the  external-store cenkbers of' 
grzvity,  but were c r i t i c a l l y  dependent on the s tore  rnorclents of iner t ia .  

4. TEe calcuhted  f lut ter   cbrecter is t ics   using  the first uncolrpled 
bending and torsion mdes f o r  the fixed-root  cases  plus  rigid-body  pitch . 
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arA vertical   translatior? fo r  the towed-model ceses showed good agree- 
ment with  experiment i n   m n y  of the cases. 

Langley Aeronautical Iakoratory, 
Xational Advisory Committee for Aeronautics, 

Largley Field, Va., November 12, 1954. 
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FLlPlER-CALCUIATION PROCEDURE 

The enelysis   in   this  paper is of the  Rayleigh-Ritz t n e .  The 
synbols are  defined in  appendix B. It is assumed that tine f l u t t e r  mode 
can be represented by a confbinetion of the  following four nodes: 

[m.(p)l hleiat f irst  uncouDled centilever  bendingj  the node shape 
Fhl(q) is tha t  of a tapered beem with  the wing 
weight distribution  plus  the  store  weight  taken as 
a  concentrated PBSS 

[Fal(q ,I uleimt first uncoupled cantilever  torsion;  the mode Sb2pe 
q ( q )  is thz t  of a tapered beam with'the wing 

a coacentrated mass 
dist r ibut ion plus the store weight  taken as 

h .imt 
0 r igid-body  vertical   trmslation 

0 rigid-body  Ditch &-bout airplane  cecler of gravity 

- 
e 

% - tal, ho 9 eo complex quantit ies,   in  general ,   sigdfying phase and 
- 

m g n i t - d e   r e a t i o n s  of the degrees of freedon 

The displscenents of a mass on the wing due t o  displacements i n  
these four degrees 03 freedo=  are 

C.Q. 

?c Pitch  exis 

I I et 
and 

For the 

and 

( Alb) 

' c; = Pl)al + eo COS A 



Tie  general  equation of equilibrium for  each  degree of freedom, by 
usir?g Iagrenge 's eqmtion, i s  

-where T and U represent,  respectively, the to ta l   k ine t ic  and poten- 
t i a l  energy of the airplane, + represents  the  generalized aerodynamic 
end s t ructural  damping forces  in  the  ith  degree of freedom, end q i  is 
the generalized  coordinete. 

The svept-wLng serodynanics  developed in  reference 8 are used  except 
for  those due t o  lengtkwise  flow. Applying equation (A3) i n  a manner 
similar  to  reference 8, together w i t h  some algebraic  manipulation, 
results  in  the  folloving  equations of eqilibrium: 

\ 

The solution of this set of homogeneous equations, other than the 
t r i v i a l  one i n  which a11 the coordinates are zero, I s  found by equating 
the deterninant of the coefficients to zero. The resul t ing  s tabi l i ty  
equation  gives the conditions fo r  neatrally stable oscil lations.  

D-e foregoing analysis m y  be  extended t o  include more e l a s t i c  
modes by merely adding the nodes t o  equations ( A l )  and (A2). The 
f l u t t e r  determinant for  the  general case may be * n i t t e n   f o r  R bending 
modes and S torsion m o d e s  as follows: 

I 
= o  

r 

. 



EACA RM L54K17 21 

c where 

i 

For the diagonal elenent i n  the ith beEding mode, 

i = l ,2,3,  ... R 
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i = 1,2,3, ... s 
(i f j) j = 1,2,3, .. . S 

For the diagonal element i n   t h e  ith torsion mode, 

i = 1,2,3, .. . s 

c 
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j = 1,2,3, . . . R 

j = 1,2,3, ... S 
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r’l 
sin A t an  A / 

.- 0 
j = 1,2,3, ... s 
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1 

UJ 

.. where ai = 2 (1 
2 

end dmping, B = .. 

The  quentities Ach, bat &, A,,, 
expressions for oscilleting l i f t  and  moment 

Tce equ&tions for the  cantilever case, 
are zero,  are  equations (Ab) w i t h  the  third 
renoved . 

conteins  flutter  frequency 

7 =  2 sin A 
br 

.Ac,, end kT represent 
as defined in reference 8. 

in which hop, m d  9, 
aml fourth raws and colurms 
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APPENDIX S 

SYMBOLS FOR APPENDIX A 

NACA RM L 9 K l 7  

b 

br 

e t  

k, 

2 

m 

calculated  amplitude  function of wing i n  i t h  bending mode 

calculated  amplitude  fm-ction of wing i n  i t h  torsion m o d e  

mass moment of iner t ia  of wing per unit length  about 
e las t ic   axis  

pitching moment of iner t ia  of m o d e l  about model center of 
gravity 

mass of Eodel 

free-stream  velocity 

component of airstream velocity  perpendicular  to e l a s t i c  
axis, V cos A 

half-chord of wing measured perpendicular t o  e l a s t i c  axis 

half-chord of wing a t  reference  station measured n o m 1  
t o   e l a s t i c   a x i s  

distance between model center of gravity and intersection 
of e h s t i c  axis and the model center  line,  positive  for 
center of gravity forward 

st ructural  damping coefficient i n  i t h  uncoupled mode 

ver t ical   t ranslat ion of airplene,  positive downward 

bending translation of wing i n  ith mode, positive 
downward 

reduced  frequency referred t o  velocj t y  camponent perpen- 
dicular t o  elastic axis, &/V 

length of wing measured along elast ic   axis  frm plane of 
SYrmnetrY 

mass of wing per  unit  length along e lz s t i c  axis 
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Y 

h 

a 

rl 

9 

K 

nondimensionsl  radius of gyrztion of wing per  unit  length 

about  elastic axis, 

nondinensional  location of center of gravity, relative 
to nidchord, f ron elastic &xis measured  peqendicular 
to elastic axis 

coordinate along elastic axis 

angle of sweep  of  elastic  axis,  deg 

twist of wing  about ebstic axis,  radians 

nondinensional  coordinate  along  elastic ais, y/2 

airplane  pitch,  radians 

mass-density  retio, 5;pb2/m 

P density of air 
., 

%i 
calculated first uncoupled 
plus  store,  radians/sec 

q i  
calculeted  first  uncoupled 

plus store,  radians/sec 

torsional  frequency  of  wing 

bending freqwncy of wing 



28 

1. 

2. 

3.  

4. 

5 .  

6. 

7. 

8. 

9. 

10. 

11. 

-mbou-rr?e, hr. C. : An Experimental  Ln-vestigation on the  Flut ter  
Characteristics of a Model Flying Ving. R. & M. No. 2626, Br i t i sh  
A.R.C., 1952. 

Broadbent, E. G. :  F lut ter  Problems of Eigh Speed Aircraft .  Rep. No. 
Structures 37, British R.A.E., Apr. 1949. 

Jordan, P. F., ar?d Smith, F. : A Vind Tunnel TechniTJe for   F lu t te r  
b-vestigations on  Swept  Wings  With Scdy Freedoms. Rep. No. Struc- 
tures ?3, Brit ish R.A.E., Sept. 1950. 

Garikroger, D. R. , chapple, E. W., and Milln, A. : Wind Tunnel Flu t te r  
Tests on a Fmdel Delta Wing Under Fixed and Free Root Conditions. 
Rep. Ib. Str’dctmes 89, Bri t ish R.A.E., Sept. 1950. 

Gaukroger, D. R.: Kind ‘Pcznnel Tests on Symmetric F la t t e r  of Wept- 
Back  Wings, Including  the  Tailplane  Effect. Rep. No. Structures 123, 
Brit ish R.A.E. , Apr. 1952. 

Xinmmn, E. Berkeley: Flutter  Analysis of Complex Airplanes by Experi- 
zental  1Wthods. Jour. Aero. Sci., vol. 19, no. 9, Sept. 1952, 
PP 577-584 

Schneider, William C.:  Development of a New Flutter  Testing Technique 
Using a Tmed Dynamic Airplane Model Equipped With an Automatic 
Stabil izing System - Experimental and Calculated Dynzmic S tab i l i ty  
Characterist ics  for Speeds Up t o  200 WE. NACA RM i54L23, 1955. 

Barmby, J. G., Cunningham, H. J., and Garrick, I. E.: Study of Effects 
of Sprees  on the  Flut ter  of Cantilever Wings. NACA Rep. 1014, 1951. 
(Supersedes NACA TN 2121.) 

Gaukroger, D. R.: Wind Tunnel Tests on the  Effect  of a Localised mss 
on the Flu t te r  of a Sweptback Wing With Fixed Root. Rep. No. Struc- 
tures 159, Brit ish R.A.E., Dec. 1953. 

Woolston, Donald S., and R u n y a n ,  Harry L.: Appraisal of  &%hod of 
Flut ter  Analysis Based on Chosen 1Wes by Ccaqparison With Ekperiment 
for Cases of Iarge EiIass CouplFng. NACA TN 1902, 1949. 

Runyan, Harry L., and Watkins, Charles E.: F lu t te r  of a Ufiiform Wing 
X i t h  an Arbitrarily Placed mss According t o  a Differential-Equation 
Analysis and a Ccrmparison With Ekperiment. NACA Rep. 966, 1950. 
(Supersedes NACA TN 1848.) 



NACA RM L54Kl7 

f 

Store 
Configuration 

( a) 

56-25  -3.18 

56-32-2.74 

56-25-2.72 

56-32-2.40 

56-25-2.30 

56-33-2.03 

56-25-1.91 

33-24-1.14 

stores 

TrnLF: I 

TOVED-NODEL EMS PARAMETERS 

W, 
lb - 

1 a . 5  

104 - 5  

1 a . 5  

1a.5 

1& .5 

104.6 

1d4.5 

97.8 

8%. 2 

Z / E  

0.233 

.263 

- 253 

.263 

- 253 

.264 

253 

.216 

.183 

- 
Z / E  

-0.066 

- .065 

- .066 

- -065 

- .066 

- -065 

-. 6 6  

-.&3 

- .026 

T - 

I 

i 

=x, 
1%-in.2 

21,850 

21,830 

21,860 

21,830 

21,860 

21,850 

21,860 

17,  800 

11,350 

"Store  cocfigurations are designated  as follok-s: 

*Z 

49,710 

49 , 560 

49,790 

48,600 

49 f 230 

49,530 

48,910 

44 , 500 

37, 300 

The 
first number  represents V&Jv, the  second  number  represents 
jZs/c, and t h e  third  number  represents 

" I  '. 



TASLE I1 

EXTmAL-STORE OIDINATES 

[Frectiol of store length 3 
I Station from nose i Radius 

0.0288 
* 0577 
.0%5 - 1159 
.11;38 
1727 
.2015 
' 2303 
* 2589 
.a56 
6637 - 6997 - 7327 - 7658 
m7988 
.83 18 - 8679 
9009 - 9339 

1.0000 

0.0249 
.0342 
.a08 
.&56 
-0495 
-0526 
* 0547 - 0565 - 0571 - 0571 - 0553 
0523 
.&86 
.&44 
' 0396 
.03'L5 
.0288 

.0156 

.0234 

0 

Noee radius, 0.015 
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C o n f i g u r a t i o n  

56-25-3.18 

56-32-2.74 

56-25-2.72 

56-32-2.40 

56-25-2.30 

56-33 -2 03 

56-25-1.91 

33-24-1.1b 

Store 

Left 
R i g h t  

k f  t 
R i g h t  

Left 
R i g h t  

-kf t 
R i g h t  

Left 
F i g h t  

Le2 t 
R i g h t  

Lef e 
Righe 

Left 
R i , g h t  - 

8.15 
8.17 

8.17 
8.17 

8.17 
8.17 

8.17 
8.17 

8.17 
8.17 

8.18 
8.19 

8.17 
8.17 

4.78 
'4. & 

=ys 
886.8 
909.8 

773.3 
773-5 

769 5 
771.0 

677.1 
678.3 

646.8 
651. o 
561.1 
599.4 

542.0 
539 - 6 
316.8 
328.8 

j i s / C  

0.230 
.248 

- 323 
.324 

.249 

.248 

.32& 
323 

-253 
.250 

325 - 329 
.2&9 
.249 

235 
.248 - 

-0.289 -. 289 
- .281 - .281 
- .289 
-. 289 
-. 281 -. 281 
- .288 
-.280 

- -281 - -281 
- .289 
1.289 

- 291 -. 289 

zn/2 I 

0.520 
.518 

557 
558 

-51-9 - 519 
- 557 - 557 
.520 
.520 

559 
.560 

519 - 519 

.510 

.518 
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Store 
configuration 

56-25-3.13 

56-32-2.74 

56-25-2.72 

56-32-2. LO 
56-25-2.30 

56-33-2 - 03 

56-25-1.91 

33-24-1.14 
L 

f, cps 7 
Side  bending Pi tch  Yaw 

970 35.5 

970 38.4 

970 39-6 

970 41.9 

970 45.0 

970 51.9 

1,260  67.5 



" 

I 

Y l  

W 
I I I 8 

TmLE v 
SUMMARY OF % L m R  C€IARACTERISTICS OF TOWED MIDEL 

1 T wing 
characteristics 

(zero speed) 

Autopilot  parameters 
Flutter 

characterifitics I- T Pitch I- Roll. 

"rp 

2.0: 1 
2.6:s. 
2 . 6 ~  
3.0:1 
2.2:l  
2.6:1 
2.2:l 
2.2:l 
2.0:l 
2.2:l 
1.8: 1 
2 . 6 ~  
2.6:1 
2.0:l 
2.0:l 

Configuration 

56-25-3.18 
56-25-3.18~ 
56-25-3.18~ 
56-25-3.18~ 
56-32-2.711. 
56-25-2.72 
56-32-2.40 
56-25-2.30 
56-33-2.03 
56-25-1.91 
33-24-1.14 
'33 -24 - 1 1h.A 
33-24.-1.14.R 
33-24-1.14C 
33-2lI*-1.14.D 

- 
KJI' - 
1: 1 
2: 1 
2: 1 
1: 1 
2: 1 
2: 1 
2:l 
2: 1 
2: 1 
2: 1 
1: 1 
1: 1 
1: 1 
1: 1 
1: 1 - 

GI2V 

0.209 
.208 
.210 
.208 
.181. 
.182 
,163 
.151c 
.158 
.._"I 

I"" . la 
.160 
.162 
.I58 

f 2  Kif 

1.06 
s.. 06 
1.51 
1.06 
1.38 
1.06 
1.38 
1.38 
1.38 
1.38 
1.00 
1.06 
1.00 
0.87 
1.03 

a fl KC) ' 
2: 3. 

13:5 
2: 1 
2 : 1. 

13:5 
13:5 
13:5 
13 :5 
13:5 
13:5 
2: 1 
2: 1 
2 : l  
2: 1 
2: 1 

Kb 

0.495 "-" 
9 495 
,495 

""" 

C"" 

""" ""- 
""" 

"I" 

.660 

.kg5 

.660 

.495 
-11.95 

f f 

6. h5 
6.4.6 
6.51~ 
6.50 
6- 79 

69 95 
6.89 
7.14 

8.56 
8.48 
8.11.6 
8.48 

6.08 

FJ7*  5 
n"" 

Vf 

6.27 
6.27 
6.29 

7.07 
6.78 
7.46 
7.30 

7- 38 
9.66 
99  03 
9.74 
9.66 

"""_ 

C q . 6  

I""" 

0.671 
.656 

.601 
,605 
570 

,606 
=. 56 

,602 
9 513 
.502 
,508 
517 

""- 
""" 

""- 

4.. 21 
4.12 
"I- 

"" 

4.24. 
4.. 10 
h. 31 
4.43 
4.. 28 
4 .44 
4.97 
4 .93 
4.94 
4.97 
"" 

109- 5 
110.2 
110.5 
111.2 
133 - 3 
134.5 
151.6 
158- 5 
160.3 

d175 3 
( 4  

1 6 . 9  
186.6 
187.9 
191.0 

?Predominantly first bending mode. 
%redominantly first torsion mode. 
cCould not excite f2  without  beats due t o  asymmetry  between le f t  and right &ore inertias. 
dlhcipien.t f lu t te r  when  model was destroyed because of auLopilo-l; power failure. 
'Model was Wlyable  above 119 mph with this value of KT. 

w w 
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TABU V I  

FLUTI'm CHA_SACW.RISTICS OF HODEL TITIFIG 

PAXEXS FROM FIXED-ROOT TESTS 

Flut ter  Wing characterist ics 
Wing characteristics  (zero  speed) 
Fanel 

I 
I 

kft 121.2 5.9910.177 4.45  6.66  0.668  0.023 0.021 
R i g h t  121.1 6.07 I .180 4.46  6.51 .685 -016 .a10 

Right 146.0  6.39 .157 4. jl 7.48 .603 .011 .O25 

Right 179.0 8.15 .la 5.20 9.57  .543 .024 ----- 



(a) R e a  view. 

~-86k63  - (b) W e e - q w r t e r  front view. 

Figure 1.- Model res t ing on landing mat in  the Langley 19-foot  pressure 
1 tunnel . 



, -. 
1" 

roo1 

- 37.30- 

1 
I 

" iow rod 

Figure 2. - Principal dimensions of the model. Wing ares, 9.39 feet2;  taper UI I? 
ratio, 0.561; aspect  ratio, 3.62; mean aerodyndc chord, 19.84. A l l  
dimensions are i n  inches unless otherwise noted. -I E 

" 



Figure 3. - Model 8trucl;ural components. 



section A -A len/areo!) 
defui7.s of pod gup sed.. 

section 6-6 (enlarged 
&pica/ spur cross section 

, 
9 indicutes sft-aibguge sfutions 

t fupezo~~d ti@ 
used in fixed-root 

tests 

(a) Overall assembly. Approximate weight, 16.75 pounds. 

Figwe 4.- Construction deta i l s  of model wing panels. A l l  dimensions are  
in inches. 
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.5 

.4 

.3 
Ef x fO-6 
/b-inz 

.2 

.f 

0 

(a) Bending r igidi ty .  

.24 

.20 

. /6 
GJx/Om6 

/b-m2 
./I? 

.OB 

.04 

0 

(b) Torsional r igidi ty .  

0 .I .P .3 .4 .5 .6 .7 .8 .9 SO 
distance afong war axis, p? 

(c) Drag r ig id i ty .  

Figure 5.- Structural   characterist ics of mdel wing panels. 
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41 

.48 

.4R 

a; .40 - 
C' 

.36 

.32 

28 

(a)  Section  centers of gravity and spar axis  locations. 

.6 

.J 

.4 
4 /bAh 

.3 

.2 

.I 

0 

(b) Weight  distribution. 

8 

2 

0 
0 ./ .2 .3 .4 .5 .6 .? .8 .9 LO L/ 

Y'/t 

(c) Section  weight nments of inertia  about  spar axis. 

Figure 6.- Mass parameters of model w i n g  panels. 





"- 

to gyro norrle -- * * , .. 
.- " /ockrhg pnion -" "-sector gmr 

so/enoid air valve -- 
Figure 8.- External-store a=d flutter-damper  details. 



, 

B "0 dash pot damper 

Figure 9.- Schemtic arrangement of model flutter damper. 

# I 



I 

section 0-0 

secfion A- A 

support yoke airflow 

AT 
I 

I 

a 4  \ \ \  
\J I 

t 
. 

Figure 10.- The towed-model t e s t  arrangement i n  the Langley lg-foob pressure 
tunnel. ul -!= 
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Scale 

Fee t  
Se c ti on A-A 

Outline of tunnel  
f l u t t e r  s topper  i n  
e j e c t e d  p o s i t i o n  

Root support mount 

- - - Tunnel  balance 

H """""""--- -- T e s t   s e c t i o n  ----- 

,- Line of t r a v e l  of tun- ,' n e l   f l u t t e r   s t o p p e r  

Ref l ec t ion  plane - - Model wing  panel 

Figure 11.- Fixed-root  flutter-test  setup in the Langley Q-foot pressure 
tunnel. 
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L-86464. 
(b) Model wing p m e l  w i t h  tunnel  f lutter  stopper in ejected  position. 

Figure 12.- Fixed-root f lut ter- tes t   se tup of right wing-panel-store 
conbination. 
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32 

28 

/.6 

.24 

.20 

M 

. /A9 

./ 6 

./ 4 
//o 120 130 /40 /50 160 /TU 180 190 

v, mPh 

Figure 13.- Reynolds number and Mach number variations of t e s t s .  



200 

190  

180 

170 

/60 

120 

I10 

I00 
0 .004 .008 .0/2 .016 .020 -024 .028 .032 -036 

(1~s) ov.//V without stores 

Figure 14..- Flutter  characteristics of towed  model and comparison wlth 
thc f ked-root characteristics. 



1. 
2. 

8: 
5. 
6. 

i: 
10. 
9 .  
11 
12. 

Channel  Trace  Sense 9 

Reference 
Accelerometer 
2 inches right of 
center of gravl ty  

R igh t   f l u t t e r  damper 
Accelerometer 

6 inches a f t  of 
center of gravity 

Accelerometer a t  
center of gravi ty  

Displaced  rudder  position 
Right  outboard  bending 
Right  outboard  torsion 
Left outboard  torsion 
Left  outboard  banding 
Canopy l i g h t  
Right  inboard  torsion 
Right  inboard  bending 
Left f l u t t e r  damper 
Loft  inboard  torsion 
Left  inboard  bending 
Yaw damper posit ion 
Aileron  position 
Elevator  position 
Reference 

d o n  
UP 

dorm 
down 

down 
down 

UP 
down 

*Indicates  directions of downward 
bending  and  increased  angle of  
a t tack.  

1 

5 

10 

11 

12 

16 

20 - ' 
I 

Figure 15.- Portions or oscillograms made during a typical flutter test; 
of the towed model. Channel. sensit ivit ies between accelerometer traces 
and between Lhe left- and right-wing gage traces are  not  identical. 

r I . 
- 
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300 

220 

/OO 
.UO8 .0/2 .0/6 .U20 ,024 .028 .032 



8B 

7 

6 

5 

300 

260 

/80 

/40 

f00 

Figure 17.- Experirrental a d  calculated  f lc t ter   character is t ics  of model 
w i n g  panels w i t h  root  fixed. 
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